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ABSTRACT 
 
Production of recycled concrete aggregates (RCA) from construction and demolition (C&D) waste has become 
popular all over the world since the availability of land spaces are limited to dispose. Therefore it is important to 
seek alternative applications for RCA. The use of RCA in base and sub-base layers in granular pavement is a 
viable solution. In mechanistic pavement design, rutting (permanent deformation) is considered as the major 
failure mechanisms of the pavement. The rutting is the accumulation of permanent deformation of pavement 
layers caused by the repetitive vehicle load. In Queensland, Australia, it is accepted to have the maximum of 
20% of reclaimed asphalt pavement (RAP) in RCA and therefore, it is important to investigate the effect of RAP 
on the permanent deformation properties of RCA. In this study, a series of repeated load triaxial (RLT) tests 
were conducted on RCA blended with different percentage of RAP to investigate the permanent deformation and 
resilient modulus properties of RCA. The vertical deformation and resilient modulus values were used to 
determine the response of RCA for the cyclic loading under standard pressure and loading conditions.  
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INTRODUCTION 
 
Road constructions are typically demanded a huge 
volume of crushed aggregates which causes for the 
depletion of natural resources. Therefore, 
investigations on the alternatives are becoming more 
popular to replace the crushed aggregates. 
Utilization of recycled materials in pavement 
construction leads the sustainability in the 
development of infrastructures. Reuse the crushed 
concrete as an unbound pavement material is a 
promising concept from both environmental and 
economic standpoints. 
The subsurface layers (e.g: base and sub base) of 
flexible pavement usually made up from compacted 
aggregates. The absolute strength of these layer 
materials is very important to have a good stiffness 
in spreading traffic loading efficiently to the 
underlying subgrade soil. Thus these aggregates 
should be high quality and stringent materials. These 
granular layers exhibit two types of deformation 
when subjected to repeated loading; resilient 
deformation and permanent deformation. The 
resilient deformation provides an indication of 
elastic response and causes for fatigue cracking on 
bound layers (e.g asphalt, concrete layers) [1].  The 
permanent deformation is due to the accumulation of 
small increments of plastic strain over large number 
of load repetitions [2]. Rutting failure of the 
pavements is due to the increment of these gradual 
accumulation plastic deformations of the granular 
layers.  
The conventional classification test procedure for 
the pavement materials typically describe properties 
of the aggregates and then compared to those of an 
adequately performing material. But this is not 
appropriate for an alternative aggregate like crushed 
concrete because the material constituents are differ 
substantially from those of traditional materials. 
Therefore the most appropriate method of material 
assessment is to simulate the insitu loading and 
determine the performance. The materials can be 
performed in Repeated Load Triaxial test (RLT) in 
laboratories to observe the permanent deformation 
and resilient responses. The RLT test is significance 
to predict the performance and to determine the 
responses of the materials under different confining 
pressures and loading stresses. 
This paper presents the results of RLT tests on RCA 
mixed with different percentages of RAP. The 
effects of RAP on RCA are determined through the 
permanent deformation and resilient modulus 
values. RAP is the major constituent that could be 
mixed with RCA at the crushing process. The 
asphalt is being mixed with crushed concrete 
aggregates when the rigid pavement concrete 
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structures are crushing. The possible mixing 
percentage of RAP with RCA is usually around 20% 
at the crusher plant [3]. Therefore it is important to 
investigate the influence of RAP in RCA on its 
performance under repetitive loading in order to 
assess RCA as unbound pavement materials. Further 
RLT tests on RCA will be conducted to investigate 
the effects of number of load repetitions, stress 
levels, and moisture content on plastic deformation 
and resilient modulus and the results will be 
published in subsequent journal/conference papers. 
 
MATERIAL USED  
 
The crushed concrete which is commercially 
named ‘RM 001’ is the main material and obtained 
from a leading concrete recycling plant in 
Queensland, Australia. RM001 is produced as a pure 
crushed concrete aggregates by avoiding the 
possible constituents such as asphalt, bricks, glass 
and wood. In order to evaluate the performance of 
RCA with and without the RAP, another three 
samples were prepared by mixing 10%, 15% and 
20% of RAP with RCA. The maximum percentage 
of RAP was kept as 20% because it is the maximum 
possible amount of RAP content that could be mixed 
at the production process of RCA [3]. Table 1 shows 
the names of the tested samples and percentage of 
material mixed by mass. 
 
Table 1 New RCA samples with blending 
percentages  
 
Material name 
Mixing percentage by mass 
RM001 RAP 
RM1-100/RAP0 100 0 
RM1-90/RAP10 90 10 
RM1-85/RAP15 85 15 
RM1-80/RAP20 80 20 
 
 
EXPERIMENTAL METHOD 
 
Standard proctor compaction test in accordance with 
the Australian standard [4] was performed on each 
sample to determine the optimum moisture content 
(OMC) and maximum dry densities (MDD). Results 
are shown in Table 2. The RLT tests were performed 
at OMC to determine the permanent deformations at 
their maximum compactions. 
Table 2. Optimum Moisture Content and Maximum 
Dry Density for four Samples 
 
Material name 
Optimum 
Moisture 
Content % 
Maximum 
Dry density 
(g/cm3) 
RM1-100/RAP0 13.2 1.748 
RM1-90/RAP10 12.7 1.785 
RM1-85/RAP15 12.3 1.789 
RM1-80/RAP20 12.9 1.789 
 
Sample Preparation 
 
Each sample was compacted at corresponding MDD 
with OMC. Prior to the compaction the water mixed 
samples were cured in sealed containers for 3 hours 
as it is the sufficient time period for moisture 
homogenization for crushed concrete aggregates [5]. 
Sample compaction was done using standard 
compaction method within 25 blows in 3 layers in 
standard triaxial mould, 100 mm in diameter and 
200 mm in height. Since cement fines are presented 
in crushed concrete samples, it is required a specific 
time period for strength gaining in the specimens. 
Thus, the compacted samples were again cured in 
sealed containers for 4 days to steady their strength. 
Curing the RCA samples in hermetic boxes for 3 
hours prior to the compaction and 4 days after the 
compaction were found to be adequate to guarantee 
the completion of strength gaining due to the cement 
fines as well as other organic constituents [5].  In the 
case of determining the performance characteristics, 
the curing period is significance to expose the 
precise responses of RCA specimens under cyclic 
loading. 
 
Repeated Load Triaxial test 
 
Repeated Load Triaxial test was performed on the 
compacted specimens to simulate the repeated 
passage of loaded vehicle wheels over the materials. 
The standard test method of Department of 
Transport and Main Roads Q137 for permanent 
deformation and resilient modulus of granular 
unbound materials was followed for the permanent 
deformation and resilient modulus test [6]. The 
UTM-4 digital servo control testing machine was 
used with the UTM-14 Resilient modulus test 
application software to determine the performance 
characteristics. The RLT equipment is shown in the 
Fig. 1. 
Stresses were decided according to the Q137; 
125kPa confining pressure was applied and held 
over the test. The total vertical pressure 750kPa was 
applied to represent the tire pressure of a standard 
axle. Therefore constant stress ratio of 750/125 was 
kept for 50000 loading cycles.   
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RESULTS AND DISCUSSION 
 
RLT test results aimed to characterize the resistance 
of the specimens to the incremental plastic strain 
responses and the resilient modulus (Mr) of the RCA 
samples. Figure 2 shows a typical vertical stress vs. 
axial strain behavior of a granular material after a 
certain number of load cycles at fixed loading and 
pressure condition [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Usually it can be observed a rapid accumulation of 
plastic strain at the beginning of load cycles and the 
plastic response of the material becomes gradually 
decreased and then stabilized. The elastic response 
also gradually decreased as seen in the Fig. 2 and it 
shows non linear behavior for the load repetitions. 
However a stable resilient behavior can be observed 
after a large number of load cycles [2]. The results 
of the RLT tests of this study have been discussed in 
accordance with the above behavior of RCA 
specimens. 
 
Effect of RAP in RCA on Its Permanent 
Deformation 
 
Figure 3 shows the values of permanent deformation 
of the four samples. Rapid deformations of the four 
samples are seen at the beginning of the cyclic loads. 
It is noted that the capability to lower the 
deformation by increasing the compaction effort at 
the sample preparation on the four specimens. It is 
significant that RM1-100/RAP0 and RM1-
90/RAP10 exhibit almost similar values but on the 
other hand RM1-90/RAP10 has slightly lower value 
of deformation than 100% pure crushed concrete. 
The deformation curves of these two specimens in 
Fig. 3 shows that the rapid deformation of RM1-
90/RAP0 is slightly lower than RM1-100/RAP0 at 
the initial loading cycles. This indicates that RM1-
90/RAP10 sample is well compacted than RM1-
100/RAP0 specimen. The 10% RAP particles are 
caused for appropriate gradation of the particles for 
better compaction and higher stiffness by sound 
interlocking of the particles. Therefore the 
combination of RM001, 90% and RAP 10% has 
shown higher resistance for the repetitive load. 
  
Other two specimens had comparatively higher 
deformation and the values have been increased with 
the portion of RAP percentage. Further the 
increasing rate of deformation also higher than the 
RM1-100/RAP0 and RM1-90/RAP0. Increase of 
RAP portion as 15% and 20% caused for the lack of 
coarser particles and led for lower stiffness of the 
compacted specimens. In addition, the bitumen coat 
around the asphalt particles could be facilitated for 
further compression of the specimens with 
increasing cyclic loading. The rapid deformations of 
these two samples also indicate higher values for the 
initial load cycles. This specifies that the mixing 
RAP more than 15% do not sustain for better 
compaction with particles size distribution of the 
specimens. However, having a higher deformation at 
the beginning of load cycles is a common feature for 
the four samples. Therefore this rapid deformation 
could be minimized by applying a higher 
compactive effort at the sample preparation.  
Limitation of the rut depth in pavement construction 
is the key aspect in pavement designing. The 
prediction of rutting in flexible pavement is 
extremely complex since it is basically depend on 
the quality of the base and sub base aggregates as 
well as the environmental conditions. Therefore, 
appreciate the nature of permanent deformation of a 
pavement material is the foremost thing to 
understand and assess the behavior of materials in 
pavement rutting [8]. The overall results of 
permanent deformation of the four samples are less 
than 7mm for the 750 kPa loading pressure with 125 
kPa confining pressure after 50000 loading cycles. 
This is a satisfactory result and more tests are 
continuing to investigate the behavior of axial 
deformation of RCA under different stress 
conditions. 
 
 
Fig. 2 strains and resilient behavior of granular 
materials 
 
 
Fig. 1 Repeated load triaxial apparatus  
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Effect of RAP in RCA on Its Resilient Modulus 
 
The resilient modulus is a key property of granular 
material characterization which indicates the 
stiffness and elastic response of aggregates. Mr is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
highly stress dependent and for the pavement 
designing a representative Mr value should be 
selected according to the stress state for the selected  
pavement structure and loading [9]. Figure 4 shows 
the Mr values of four samples with the variation of 
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RCA and RAP content after 50000 load cycles. They 
have almost similar Mr values at the end of 50000 
load cycles. But RM1-80/RAP20 shows slightly low 
value of Mr and this makes a sign that the elastic 
response of the RCA samples could be higher with 
the increasing of RAP over 15%. Four samples also 
show considerably high Mr values for 750kPa cyclic 
pressure. It can be noted that the compacted 
materials perform higher stiffness and the elastic 
strain becomes lower after 50000 cycles on the 
specimens. This is a good sign for a pavement 
material since higher resilient modulus values 
indicate lower elastic responses of the materials for 
cyclic loads.  
 
CONCLUSION 
 
RLT tests were aimed to evaluate the RCA as it is 
used as unbound pavement material. On the basis of 
the test results of this study following conclusions 
are made.  
 Modified RCA sample by mixing 10% RAP 
shows the best performance with lowest 
permanent deformation 
 High percentage of RAP as 15%, 20% lead for 
lower stiffness of the RCA and show higher 
permanent deformations 
 After 50000 loading cycles the deformation is 
not resilient in four samples and permanent 
deformation is acceptable for more load 
repetitions. These materials could reach the 
failure for a great number of load repetitions 
 It is seen that resilient modulus is not 
significantly affected by the RAP content if the 
amount of RAP in RCA is equal or less than 
15%. However, further increase in RAP 
content (e.g: 20%) cause to decrease in resilient 
modulus of RCA samples. Therefore the elastic 
response could be higher when increasing the 
RAP content over 15% 
 
Further studies are continuing to investigate the 
resilient behavior and permanent deformation of 
RCA with respect to the number of load repetitions, 
stress levels, and moisture content and the results 
will be published in future.  
 
REFERENCES 
 
[1] Lekarp F, Dawson A, "Modelling 
permanent deformation behavior of 
unbound granular materials", Construction 
and Building Materials, Vol. 12, 1998, pp. 
9-18. 
[2] Chazallon C, Hornych P, Mouhoubi S, 
"Elastoplastic model for the long-term 
behavior modeling of unbound granular 
materials in flexible pavements", 
International Journal of Geomechanics, 
2006, pp. 279-289. 
[3] Department of transpotr and main roads Q, 
Australia, "Recycled materials for 
pavements",   State of Queensland, 
Department of Transport and Main Roads, 
2011. 
[4] Australia CoS, "Method 5.1.1: soil 
compaction and density tests—
determination of the dry density/moisture 
content relation of a soil using standard 
compactive effort",   Standards Australia 
International Ltd, Sydney, NSW 2001, 
Australia, 2003. 
[5] Jayakody S, Gallage C, A.Kumar, 
"Assessment of recycled concrete 
aggregates for road base and sub-base", 
Second international conference on 
Geotechnique, Construction Materials and 
Environment - GEOMATE  2012, pp. 575-
579. 
 
[6] Department of transpotr and main roads Q, 
Australia, "Permanent deformation and 
resilient modulus of granular unbound 
materials",  The state of Queensland, 
Department of transport and main roads,  
2012. 
[7] United State Department of Transportation 
FHA, "Geotechnical Engineering ",   2011. 
 
[8] Lekarp F, Dawson A, "State of the art. II: 
Permanent strain response of unbound 
aggregates", Journal of transportation 
engineering, Vol. 126, 2000, pp. 76-83. 
[9] Jameson G, Vuong B, Moffatt M et al., 
"Assessment of rut-resistance of granular 
bases using the repeated load triaxial test",   
Austroads Limited, Sydney, New South 
Walse, Australia, 2010. 
 
 
 
 
 
 
 
 
